Given the importance of the transducer elements in the performance of sensors for various applications, as well as the growing search for devices that are capable of providing the response in shorter time, in this work, titanium dioxide was examined as a candidate for application in an electrochemical biosensor. A TiO 2 coating deposited by sol-gel method on a silicon wafer was obtained with an anatase crystalline structure, as an n-type semiconductor with donor density equal to 2.954 · 10 17 cm -3 . Its surface was functionalized to be tested as a biosensor to detect snake venom of the Bothrops genera, and each step of the functionalization was investigated using Electrochemical Impedance Spectroscopy (EIS) and Cyclic voltammetry. Despite being less sensitive than the reference method ELISA, the TiO 2 -based biosensor was also capable of detecting the analyte of interest at 20 µg mL -1 , revealing an increase in its leakage resistance and phase shift after incubation in this solution. Furthermore, the total time for carrying out the biodetection with the TiO 2 -coated device (41.24 ± 0.05 min) was estimated to be approximately 80 % shorter than that required by the labelled standard assay, which indicates that TiO 2 is a promising electrochemical transducer for biosensing applications.
Introduction
Firstly described by Clark and Lyons in the 1960s, the term "biosensor" refers to a chemical device that is capable of recognizing an analyte of interest by a biological element, transforming the signal of recognition into a measurable output signal 1 .
The considerable growth in the biosensor market is due to its wide range of applications that demand simple, real-time, selective, and non-expensive devices 2 for various applications, such as for food quality monitoring, medical applications, and environmental pollution.
Among the components of a biosensor, the transducer has a crucial role in improving the device's performance 3 . Despite the variety of materials commonly employed as transducers, the electrochemical substrates attract remarkable interest in analytical science especially due to their simplicity, their relatively low cost, and the possibility of their use in portable sensors 4 .
A promising candidate for application as an electrochemical transducer in biosensors is titanium dioxide. TiO 2 is an attractive material owing to its high abundance on the planet, low cost, no toxicity, chemical and biological stability, and photocatalytic activity 5 . Nonetheless, it is environmentally friendly and presents a tuneable structure that can vary among anatase, rutile, brookite, and TiO 2 (B) 6 . As a semiconductor, the metal oxide allows the charge transfer phenomena between its surface and the analyte of interest, improving the device's performance 7 . In its various forms (nanotubes, nanosheets, nanoparticles, sol-gel matrices, macropore three-dimensional structure, etc.), TiO 2 has been considered a good material for application as a transducer matrix also due to its morphology and structure that can act as a favourable interface to immobilize different kinds of biological elements of recognition, such as enzymes and antibodies 6 . Despite all these promising features, most reports have focused on the employment of TiO 2 in photocatalysis processes due to its semiconductor properties, such as in water treatment 8 , improvement of air quality 9 and self-cleaning surfaces 10 . In the biosensors field, Bao et al. 11 studied the modifications in TiO 2 morphological features to develop a biosensor for glucose measurement by means of protein immobilization. In addition, Liu and Chen 12 reported the employment of a labelled layer of horseradish peroxidase in titania substrates to improve its electro-activity and to provide its capability for biosensing applications. In agreement with the previous authors, Topoglidis et al. 13 concluded that the high specific surface area of TiO 2 particles is a key point for the success in biomolecules immobilization, allowing its application as transducer matrix for numerous biological devices.
In this context, the aim of this work was to evaluate the applicability of TiO 2 obtained by the sol-gel method as a transducer matrix for electrochemical biosensors. Herein, the TiO 2 electrode was functionalized with horse antibodies to detect an aqueous solution of snake venom by electrochemical impedance spectroscopy (EIS). In this research, the snakebite diagnosis was chosen to assess the applicability of TiO 2 as an electrochemical substrate in biosensors because of the importance of snake bites in the medicine field.
Once, the only approved treatment method by the World Health Organization (WHO) for combating snake venoms is serotherapy; the accurate identification of the offending snake in an accident is crucial for the administration of the proper antivenom in the victim 14 . The identification of the animal is still challenging, though. In its guidelines for the management of snakebite, the WHO 14 mention that clinicians can recognize the snake if the patient brings it to the hospital after the accident or by means of a description of the animal. However, the institution itself recognizes that both methods are clearly inaccurate and propose some laboratorial methods.
Theakston and Laing 15 cited that the snakebite diagnosis is based on the clinical approach, in which the development of some symptoms are associated with the venom of different snakes, and the performance of laboratorial tests that are complementary in the identification process. In this scenario, many researchers have been devoted to overcome the limitations of the traditional methods for the diagnosis of snakebite. The most commonly employed technique for this purpose is still the enzyme-linked immunosorbent assay (ELISA), which was firstly reported in 1977 by Theakston et al. 16 Despite its great accuracy, ELISA possesses some important limitations mainly with respect to the required long time of experimentation 17 . Giri et al. 17 point out that other traditional techniques in this context (e.g., radioimmunoassay, agglutination test, and immunofluorescence) are not exclusively very time-consuming, but they also require high cost materials, and sometimes present low sensitivity.
Since the timing of antivenom administration plays a crucial role in the effectiveness of the treatment of the envenomed patients due to the toxicity of the venoms 18 , this research also brings special attention to the time response of the proposed TiO 2 -based biosensor.
Material and methods

Sol-gel deposition of TiO 2
A precursor sol was prepared according to the methodology described by Houmard et al. 19 A commercial (1 0 0) silicon wafer doped n-type was pretreated in piranha solution (H 2 SO 4 :H 2 O 2 , 3:1) and in 1 % HF in order to clean this substrate, removing its natural oxide layer 20 . The cleaned wafer was then subjected to a single dip-coating in the sol-gel solution with a 5 mm s -1 withdrawal speed. After removal, the as-obtained film was heated in a muffle furnace (Lavoisier 400 D) at 100 °C for 15 minutes to favour the gel development, and to avoid crack formation in the formed film 21 . Finally, the material was heat-treated at 500 °C for 2 h for crystallization.
Characterization of TiO 2 film
Optical microscopy was employed to analyse the TiO 2 coating surface using a BelPhotonics Microscope with a 100x magnification. The structural characterization of the TiO 2 film was carried out by X-ray diffraction (XRD) using a Philips PANalytical PW1710 diffractometer using Cu Kα (λ = 1.540 Å) radiation operating at 40 kV and 40 mA. XRD measurements were taken in a 2θ scan range from 6° to 130°. To avoid the intense signal from the wafer, a grazing incidence XRD was also performed in a θ scan range from 3° to 130° using a step size of 0.06° s -1 .
The TiO 2 electro-active area was estimated based on Randles-Sevcik equation 22 by Cyclic Voltammetry (CV) varying the scan rate from 10 to 200 mV s -1 . An aqueous solution containing 100 mM of KCl as supporting electrolyte and 1 mM of K 3 [Fe(CN) 6 ] as redox probe were used to carry out the assay.
Capacitance measurements of the TiO 2 film were carried out by Mott-Schottky analysis by scanning potential from -0.8 to + 1.5 V vs Ag/AgCl (50 mV step height) at 100 Hz as described by Sun et al. 23 With this technique, it was possible to estimate the TiO 2 carriers density, as well as identify its n-or p-type doping. The capacitive characteristics of the obtained film provide important information about its electrochemical behaviour and, consequently, its employability as a transducer matrix for electrochemical devices.
Functionalization of the TiO 2 surface
Prior to functionalization, the TiO 2 coating deposited on silicon wafer (1 cm²) was degreased by sonicating in acetone, polysorbate 20 (0.05 % v/v Tween 20), and Millipore Milli-Q water (resistance 18.2 MΩ cm) for 10 minutes. After rinsing the material several times with Milli-Q water, it was immersed in a solution of NH 4 OH:H 2 O 2 :H 2 O (ratio of 1:1:7) in dark environment at room temperature for 1 h. Reagent excess was removed by washing the surface with Milli-Q water. The substrate was then incubated in an aqueous solution of 3-aminopropyltriethoxysilane (APTES) 1 %v/v for 1 h, and rinsed with Milli-Q water to remove the excess of silane groups. Subsequently, it was activated with glutaraldehyde 2.5 %v/v for 1 h. After rinsing, the activated TiO 2 silicon slice was incubated in a solution of horse antibodies affinity purified (as described by Heneine and Catty 24 ) from the commercial antibothropic serum, produced by Fundação Ezequiel Dias (FUNED, Minas Gerais/Brazil), obtained by the immunization of horses against a venom pool from Bothrops snakes. The antibody solution (10 µg mL -1 ) was prepared in Tris(hydroxymethyl) aminomethane buffer (10 mM Tris buffer, pH 7.4). Another rinsing step was performed to remove unbound antibodies, and the resultant material was finally exposed to a solution of Bovine Serum Albumin (BSA) 1 %w/v for 30 minutes in order to block the active sites of the surface, to inhibit non-specific reactions. The silicon slice containing the self-assembled monolayers was finally rinsed to remove unwanted physically adsorbed molecules. The obtained biosensor was stored in 0.01 M Tris buffer (pH 7.4) at 4 °C until use. All these steps in obtaining the biosensor are presented in Fig. 1 .
Electrochemical monitoring of the functionalization steps
In order to monitor the functionalization procedure, the TiO 2 substrate was subjected to CV and EIS after each step of the biosensor preparation. All the electrochemical measurements were performed in a Princeton Applied Research VersaSTAT 3 potentiostat coupled to a conventional three-electrode cell composed by the TiO 2 surface as working electrode, a platinum counter electrode, and an Ag/ AgCl reference electrode.
Impedance spectra were collected in a frequency range from 10 4 to 10 -2 Hz with potential amplitude of 10 mV at the open circuit potential previously monitored for 300 s. An aqueous 100 mM KCl solution was used as electrolyte.
Ten cycles of CV were carried out at a potential window from -0.4 to +0.8 V vs Ag/AgCl at 50 mV s -1 scan rate. An aqueous solution of 100 mM KCl containing 5 mM K 4 [Fe(CN) 6 ] and 5 mM K 3 [Fe(CN) 6 ] was used as electrolyte.
Analyte recognition by the TiO 2 biosensor EIS was performed in triplicate using the same conditions previously described for the biosensor, before and after its incubation in the analyte solution (20 µg mL -1 pool of Bothrops venom: B. jararaca, B. alternatus, B. neuwiedi and B. jararacussu) for 20 minutes. The venoms were provided by FUNED. After this time, the working electrode was exhaustively rinsed with Tris buffer in order to remove the unbound venom molecules from its surface. Impedance data were collected from VersaS-TUDIO software, and simulated using Zview software employing the appropriate electrical equivalent circuit.
Analyte recognition by Enzyme-Linked Immunosorbent Assay (ELISA) ELISA analysis, adapted from the method described by Heneine et al. 25 , was used as a reference method for detecting snake venom since it is a very useful and sensitive technique for this purpose 26 . Likewise, many authors have described the use of this standard immunoassay to detect the presence of venom in blood or other body fluid samples 24, 27, 28 .
The technique was performed in triplicate by coating overnight at 4 °C a polystyrene 96-well microtitre plate with 100 µL of Bothrops snake venom (20 µg mL -1 in 0.05 M carbonate buffer, pH 9.6). The wells of the plate were then rinsed with washing solution (0.05 %v/v Tween-20/0.9 %w/v NaCl) in order to remove unbound antigens. A blocking step was carried out by adding 1 %w/v BSA during 1 h at 37 °C. The plate was washed again and then incubated in a 10 µg mL -1 solution of horse antibodies produced against bothropic venom diluted in 0.1 M phosphate buffered saline (PBS, pH 8.6). After incubation for 1 h at 37 °C, the plate was washed, and to the wells was added 100 µL per well of anti-horse antibody conjugated to horseradish peroxidase enzyme (SIGMA, diluted at 1:20,000). The plate was incubated as above and the wells washed. A solution containing 1,000 µg mL -1 o-phenylenediamine and 0.04 %v/v H 2 O 2 diluted in 0.1 M citrate buffer pH 4.5 was added (100 µL/well) to the plate. In this step, the colour development was observed for 20 minutes at room temperature, when the reaction was interrupted by adding a 30 %v/v aqueous solution of H 2 SO 4 . Absorbance at 492 nm was read in a microplate reader (Multiskan GO Microplate Spectrophotometer, Thermo Scientific). Fig. 2(b) revealed a total coverture on the bare silicon surface ( Fig. 2a) , exhibiting a homogeneous film of the as-deposited TiO 2 . The film was also visible by naked eye owing to the presented blue interference colour, which is typical of a film with thickness of approximately 40 nm and porosity of 25 % according to results obtained by Houmard et al. 29 in the same conditions of deposition. Furthermore, as verified by Chen et al. 30 , the film presented a flat and crack-free surface.
Results and discussion
Figs. 3(a) and (b) show the XRD patterns of the TiO 2 coating in the conventional 2θ angle and in the grazing-incidence low θ angle, respectively. The inset shown in Fig. 3(a) indicates a peak at 25° associated with TiO 2 anatase (1 0 1) crystalline phase in agreement with the JCPDS 31 card file number 21-1272 and other literature 32, 33 . This peak is not clearly appreciated when analysing the range from 10° to 130° due to the overlapping of a main peak located near 70° corresponding to the silicon crystalline structure of the substrate 34 . However, when carrying out the XRD analysis at low-angle (θ), which is more recommendable for thin film analysis 35 , no silicon peak was observed, but only the peak located at about 25° related to the presence of anatase TiO 2 , indicating the successful deposition and crystallization of the film through the sol-gel method used in this work.
The Randles-Sevcik equation allowed calculation of the electroactive area of the TiO 2 film, which was equal to 0.0212 cm². This value corresponds to only 2.12 % of the geometrical area of the material, confirming its low conductivity. This electrochemi-cal behaviour of TiO 2 anatase was expected due to its large band gap energy (~3.2 eV) 36 .
Based on Mott-Schottky equation (eq. 1), which is a widely used technique employed to analyse semiconducting properties of materials 37 , the donor density (N D ) of TiO 2 was estimated.
(1)
where C is the space charge layer capacitance, ε 0 is the permittivity of free space (8.85·10 -14 F cm -1 ) 38 , ε is the dielectric constant of TiO 2 equal to 80 according to Sun et al. 23 , q is the electronic charge (1.6·10 -19 C) that is negative for electrons and positive for holes, A is the geometrical area of the material, E is the applied potential, E fb corresponds to the flat band potential, k is the Boltzmann constant, and T is the absolute temperature. The Mott-Schottky plot is shown in Fig. 4 and it reveals a linear relationship (R² = 0.9957) between the applied potential and C -2 . The positive slope indicates that the TiO 2 is an n-type semiconductor as reported in the literature 39 .
The N D of TiO 2 , which was obtained from the slope of the Mott-Schottky plot, was equal to 2.954·10 17 cm -3 , which is consistent with those reported by other authors 23, 40 . According to Lamberti et al. 39 , the electrochemical behaviour of titanium oxides can be related to the presence of defects in its structure, such as oxygen vacancies that can act as donors, improving its carrier concentration and providing more active sites in the semiconductor structure. In order to improve this low carrier density of TiO 2 , many research groups have considered doping the semiconductor by introducing defects in its structure, which decreases its band gap value, enhancing the conducting properties of the film 41, 42 . Fig. 5(a) shows the monitoring of TiO 2 functionalization steps by CV. Firstly, an increase in both anodic and cathodic peak currents was observed when the substrate was exposed to NH 4 OH:H 2 O 2 :H 2 O solution, indicating the incorporation of -OH terminal groups to its surface, since these groups improved the kinetics of electron-transfer phenomenon. After this step, a decrease in elec- trochemical activity of the electrode was observed due to its reaction with APTES. The immobilizing of APTES caused the development of Si-OCH 2 CH 3 bonds on the hydroxylated TiO 2 , which was confirmed by FTIR by Zhuang et al. 43 When glutaraldehyde was attached to the surface, one of the two aldehyde groups of this molecule reacted to the amino group of TiO 2 -APTES, leaving the other aldehyde terminal free to bind with the antibody in the next step 44 . Meanwhile, incubating the electrode in horse antibodies solution provoked a new current decrease. The primary amine group of the antibody was supposed to bind the free aldehyde of the electrode, yielding an imine linkage that confers an insulating character to the system and hinders its charge transfer capability 45 . Therefore, a further decrease in current peaks occurred due to the blocking step with BSA, which had an insulator protein structure.
Biosensor characterization
The EIS plot in Fig. 5(b) confirmed the electrochemical behaviour of modified TiO 2 verified by CV. The more insulating the electrode became, the higher was the increase in the semicircle diameter, which is related to the barrier of the charge transfer processes between the electrode surface and the redox probe present in the bulk solution. Thus, the changes in the electrical resistivity of the TiO 2 substrate confirmed the successful development of the biosensor.
Electrochemical biosensor performance
After successful functionalization, the TiO 2based biosensor was evaluated using EIS technique. EIS is a powerful tool for monitoring electrochemical changes in interfaces, and is often used as a strategy to develop label-free sensors. Fig. 6 (a) and (b) show, respectively, the Nyquist and Bode Diagrams of the device before and after incubation in a 20 µg mL -1 solution of the analyte of interest (Bothrops venom snake). The Nyquist plots presented a well-defined semicircle owing to resistance and capacitance circuit elements, as well as an almost 45° straight-line in low frequencies, arising to a diffusion limited electrochemical process 46, 47 . Despite the fact that Warburg impedance has no physical meaning in non-faradaic sensors (devices whose electrochemical measurements are performed in absence of a redox probe 46 ), it has been used in the literature to characterize this kind of sensor 48, 49 . The structure of TiO 2 makes it susceptible to the intercalation of small monovalent ions, such as the K + from the bulk electrolyte, into the host crystallographic sites generated by the vacancies and interlayers of the matrix 50 . Thus, the Ti 4+ vacancies are compensated by the counter-ions present in the electrolyte leading to a diffusional barrier to the mass transfer process at low frequencies. In order to measure the biosensor response to the analyte of interest, a classical Randles equivalent circuit was employed to fit the impedance data. The employed circuit is shown in Fig. 7 , and it was composed by an electrolyte resistance (R e ), a constant phase element (CPE) related to the double layer capacitance, a leakage resistance (R leak ), and a Warburg impedance (Z W ), which is associated with the diffusional barrier at low frequencies. The low value of the statistical parameter chi-squared (χ² = 6.98·10 -4 ± 4.64·10 -4 ) ensured the accuracy of the proposed equivalent circuit to model the EIS data in good agreement with the criterion assumed as satisfactory in the literature 51-53 . Accordingly, it was possible to estimate that the increase in the semicircle diameter associated with the exposure to the analyte of interest was associated with an R leak gain of 945.50 ± 350.02 Ω cm². It suggests the formation of the immunocomplex between the antibothropic antibodies present in the electrode surface and the bothropic venom from the bulk solution. The increase in R leak occurs due to the insulating behaviour of both antibody and antigen molecules, which blocks the electronic phenomena on the interface electrode/electrolyte 44, 54 , in which the impedance is affected by interfacial capacitance or dielectric changes 55 . Similar trend was demonstrated in our previous work 44 , in which we fabricated a stainless steel-based immunosensor for the recognition of bothropic venom. Crofer 22 APU (a stainless steel containing approximately 24 % Cr) was used as an impedimetric transducer and the resultant immunosensor exhibited a significant increase in R leak due to the exposure to the venom of Bothrops snakes at various concentrations (from 0.1 to 10 µg mL -1 ). The sensitivity of the Crofer 22 APU-based immunosensor (limit of detection equal to 0.27 µg mL -1 ) was higher than with the TiO 2based sensor, possibly due to the higher conductivity of the steel.
The evidence of venom detection was also provided by the notable phase shift and the magnitude impedance increase observed in Fig. 6(b) . The phase shift (φ) at low frequencies is a consequence of kinetic processes, and is related to the impedance (Z) of the investigated electrochemical system according to eq. 2, in which |Z| is the impedance magnitude, ω corresponds to the radial frequency, and t is time 56 .
From the Bode diagram ( Fig. 6b) , it was possible to estimate that the exposure of the biosensor to the venom solution would generate an increase in the maximum phase angle of 8.82 ± 0.34°, evidencing the successful recognition of the analyte.
In comparison to other sensors reported in the literature, the TiO 2 -based biosensor presented major advantages, such as the fact that it is a label-free device, which makes it relatively cheaper, and the short time required for performing the recognition of the snake venom. The total time needed to obtain the impedance result of the EIS assay (including OCP, bare electrode reading, and incubation time) was 41.24 ± 0.05 min. Gao et al. 57 , for example, developed a sensitive single-bead-based immunofluorescence method for detecting the venom from F i g . 7 -Randles equivalent circuit used to fit impedance data Naja kaouthia snakes. Despite the low limit of detection (5 -10 ng mL -1 ), the authors performed a more sophisticated functionalization method comprising polystyrene beads and quantum dots as a label and carried out the measurement within 3 h.
Choudhury et al. 58 developed a biosensor to detect the venom from Indian cobra by using surface plasmon resonance as a transduction technique and silver film as the optical transducer. In their work, the authors incubated the sensor for a shorter time (12 minutes) in crude cobra venom, but the lowest concentration detectable by their sensor was 100 µg mL -1 .
Comparison with ELISA reference method
The impedimetric response of the TiO 2 -based biosensor was compared to the reference ELISA technique that is a labelled assay owing to the use of an enzyme conjugate that amplifies the reactivity signals. At the same conditions of analyte concentration and incubation time, the optical immunoassay provided an absorbance at 492 nm of 0.183 for the blank, and 0.999 when it was exposed to the venom solution. This change in optical signal corresponded to an increase of 446.92 ± 4.27 %, whereas the variation of R leak in the impedimetric biosensing was equal to 21.36 ± 14.47 %, and the phase variation shift was equal to 23.36 ± 0.83 %. As also observed by Singh et al. 59 , the enzyme activity in ELI-SA makes it superior to many label-free techniques, such as the impedimetric biosensor, thus confirming that it is a difficult challenge to develop a biosensor as sensitive as the labelled-assay. Despite being more sensitive than the impedimetric TiO 2 -based biosensor, ELISA presents some disadvantages. It is time-consuming, complex to perform, depends on labelled chemicals that are unstable, compromising the assay robustness, and is more costly 60, 61 .
In the field of medical diagnosis, the time required to perform the detection tests are one of the major points to be optimized once it can directly impact the efficiency of disease treatments. Mittal et al. 62 pointed out the long time required in the diagnosis of breast cancer, and Zhang et al. 63 highlighted the time-consuming detection of renal cell carcinoma. Both reports illustrate the trend and importance in developing quick analytical methods for detecting substances of clinical interest.
Despite not being as sensitive as ELISA, the impedimetric TiO 2 -based biosensor overcame the time-consuming drawback and the complexity of execution. The analyte detection could be completed within 41.24 ± 0.05 min. On the other hand, according to Paredes et al. 64 , the traditional ELISA might demand at least 3 hours to be completed.
Conclusion
TiO 2 thin coating was effectively deposited on silicon substrate by sol-gel method. The as-obtained film crystalline structure corresponded to the anatase one with a complete and homogenous coverture. By using Randles-Sevcik equation, the electro active area was found to be smaller than the geometrical one. Mott-Schottky analysis corroborates this low conductivity, indicating that the obtained n-type semiconductor exhibited a relative low donor density. However, the electrochemical impedance spectroscopy and cyclic voltammetry analysis showed that the deposited TiO 2 was successfully functionalized with antibodies against snake venom, and it was capable of detecting this analyte by EIS. When compared to the ELISA reference method under the same venom concentration, the impedimetric biosensor was less sensitive, but it was also less time-consuming. Likewise, other biosensors reported in the literature for detecting different snake venoms consisted of labelled devices with more laborious functionalization steps or presented long time to detect the target analyte. Thus, considering its capability of analyte recognition owing to the changes observed in its electrical behavior by EIS, as well as the required time for analyte detection, it is possible to consider such TiO 2 surface as a promising material for application as an electrochemical transducer in biosensors.
